Historically lipid profiling of biological samples has been achieved with preliminary isolation of tissues, cells, membranes or organelles, followed by lipid extraction and purification with chromatographic techniques such as HPLC or (HP)TLC (1, 2) and by lipid characterization and/or quantitation with gas chromatography (GC) (3), GC-mass spectrometry (MS) (4) (23) (24) (25) . In both cases a plate containing the sample is coated with the matrix solution (silica plate or tissue on microscope glass plate respectively), attached onto the MALDI target and directly scanned with the laser in order to obtain a fast MS analysis of the lipids on the plate. Both these methods allow a fast and convenient lipid analysis, skipping extraction steps that are usually required for these kinds of analyses.
In 2010 we have developed a protocol that allows the direct lipid analysis by MALDI mass spectrometry in intact archaeal membranes without prior extraction/separation steps: lyophilized archaeal membranes were ground with 9-AA as dry matrix, and the powder mixture was crushed in a mechanical die press to form a thin pellet; small pieces of the pellet were then attached onto the MALDI target and the archaeal membrane lipid profile was directly achieved (26) .
Another new protocol for the direct lipid fingerprinting with MALDI-TOF/MS has been published by Ferreira et al. in 2010 (27) . They report a direct lipid analysis of a single embryo and oocyte by MALDI-TOF/MS: the biological sample is moisturized with the matrix solution and lipid profiles are directly obtained.
Results contained in above reports suggest that MALDI-TOF/MS can be successfully used for the direct analyses of intact biological samples, allowing a fast and detailed lipidomic analysis without artifacts due to the extraction/separation steps.
Here we show that the direct MALDI-TOF/MS lipid analysis of intact mitochondria, isolated from heart tissue, and yeasts give rise to lipid profiles similar to those previously obtained from the analyses of the corresponding mitochondrial lipid extracts. In addition, we have also analysed intact bacterial membranes of Paracoccus denitrificans, whose components and functional organization closely resemble the electron transport chain of the inner mitochondrial membrane.
We focus on the presence of cardiolipin, the signature lipid of mitochondria, and show the great potential of our technique for the qualitative and quantitative detection of a lipid that is tightly bound to membrane proteins and might be difficult to completely recover in lipid extracts.
Preliminary results of this investigation have been presented at the 52 nd EXPERIMENTAL PROCEDURES Materials 9-Aminoacridine hemihydrate was purchased from Acros Organics (Morris Plains, NJ). The following commercial glycerophospholipids (used as standards): 1,1',2,2'-tetratetradecanoyl
purchased from Avanti Polar Lipids, Inc. (Alabaster, AL). All organic solvents used in extraction and MS analysis were commercially distilled and of the highest available purity and were purchased from Sigma Aldrich, J.T. Baker or Carlo Erba.
Yeast Strains, Growth Conditions and Mitochondria Isolation
The following yeast S. cerevisiae strains were used for this study: FGY3 (Mat a, ura3-52, lys2-801, ade2-101, trp1∆1, his3∆200, leu2∆1), which served as wild type, and strains carrying null mutations in the genes CRD1 (28) and TAZ1 (30) . Cells were grown in YPGE (3% glycerol, 1% ethanol) at 30°C and mitochondria were isolated as described by Daum et al. (31) . Total mitochondrial protein was determined by Bradford reagent (Bio-Rad) with BSA as the standard.
Isolation of Mitochondria from Bovine Heart
Mitochondria were prepared from bovine heart as previously described (32) .
Paracoccus denitrificans Growth Conditions and Membrane Isolation
Cells of Paracoccus denitrificans were grown on succinate medium and its membranes were isolated as previously described (33) .
Preparation of Mitochondria Samples for MALDI-TOF/MS lipid analysis
The procedure for sample preparation is analogous to the sandwich method, commonly used the same capability to ionize, the picomoles of CL species present in the sample were calculated by determining the ratio of the peak area of the CL molecular species of interest to the internal standard; this ratio was then multiplied by the picomoles of internal standard present on the target.
Preparation of Mitochondrial Lipid Extracts for MALDI-TOF/MS lipid analysis
Total lipids were extracted using the Bligh and Dyer method as previously described (34); the extracts were carefully dried under N 2 before weighing and then dissolved in chloroform at the final concentration of 10 mg/ml. From a WT yeast mitochondrial suspension, containing 1 mg of total protein, 0.3 mg of total lipids were extracted.
In order to quantify the CL content, the lipid extract solution (10mg/ml in CHCl 3 ) was first 
MALDI-TOF Mass Spectrometry
MALDI-TOF mass spectra of "intact" samples were generally acquired on a Bruker
Microflex LRF mass spectrometer; whereas PSD spectra were acquired on a Bruker Autoflex mass spectrometer (Bruker Daltonics, Bremen, Germany). The systems utilize a pulsed nitrogen laser, emitting at 337 nm, the extraction voltage was 20 kV and gated matrix suppression was applied to prevent detector saturation. 999 single laser shots (sum of 3 x 333) were averaged for each mass spectrum. The laser fluence was kept about 5% above threshold to have a good signal-to-noise ratio.
All spectra were acquired in reflector mode using the delayed pulsed extraction; only spectra acquired in negative ion mode are shown in this study. Peaks areas, spectral mass resolutions and signal-to-noise ratios were determined by the software for the instrument, "Flex Analysis 3.3.65" (Bruker Daltonics).
A mix containing: 1,1',2,2'-tetratetradecanoyl cardiolipin, 1,1',2,2'-tetra-(9Z-octadecenoyl)
glycero-3-phosphoethanolamine was always spotted next to the sample as external standard and an external calibration was performed before each measurement; the mass range of the authentic standards is 590-1450 amu.
RESULTS
MALDI-TOF/mass spectrometry lipid profiles of intact mitochondria, isolated from bovine heart and yeast, and of intact membranes of the bacterium Paracoccus denitrificans were recorded.
a) Mitochondria isolated from bovine heart
The mass spectrum of lipids of intact bovine heart mitochondria, acquired in negative ion mode and using 9-aminoacridine as matrix is shown in Fig (40:4). A detailed list, including minor peaks, is available in Table 1 .
In the cardiolipin range a major peak at m/z 1448.0 is present; this peak corresponds to the CL having four 18:2 chains, as confirmed by Post Source Decay (PSD) analyses (see Fig. 1S of Supplemental Data); besides this major CL 72:8 other CLs are present (see details in Table 1 ).
In the lyso-CL range, only a very small peak at m/z 1185.6 can be attributed to monolysocardiolipin (MLCL) 54:6, arising from the CL 72:8. Table 2A (phospholipids) and Table 2B (glycosphingolipids).
The peaks can be grouped in three main m/z ranges: a) m/z 650-1000, attributable to major phospholipids; b) m/z 800-1400, to glycosphingolipids and lysocardiolipins; c) m/z 1350-1500, to cardiolipins (CLs).
In the range of major phospholipids ( Table 2B . As previously reported in taz1Δ mutant an aberrant CL-acyl composition occurs (35, 36) .
Circles in the taz1Δ mutant mass spectrum in Fig. 3 show the presence of CL molecular species Table 2A .
These data confirm the accumulation of MLCL and the decrease in unsaturated fatty acyl CL species in the taz1Δ yeast mutant (35) .
We have quantified the CL content in the mitochondria of wild type and taz1Δ mutant yeast, using the tetra-myristoyl-CL as an internal standard (Fig. 4) ; at the same time one aliquot of wild type mitochondria was extracted and the internal standard mixed to equilibrium, in order to quantitate CL in the lipid extract and compare results. The CL content in the "intact" wild type mitochondria was found to be 26.0 (± 3.8 SD) picomoles per µg of total mitochondrial proteins while CL in the lipid extract of the same mitochondrial preparation was found to be 22.1 (± 2.6 SD)
picomoles per µg of total mitochondrial proteins, indicating that results obtained with the two different methods are clearly comparable. In addition the CL content in the "intact" taz1Δ mutant mitochondria was found to be 8.8 (± 1.7 SD) picomoles per µg of total mitochondrial proteins.
Therefore, using the "intact" method, the CL content in taz1Δ mutant was found to be 33.8% (± 11.5 SD) of the wild type. In the crd1Δ mutant, the CL is absent or present in traces, but notably some minor peaks attributable to molecular species of its precursor PG are present at m/z 745.5 
c) Membranes isolated from Paracoccus denitrificans
The validity of the new method was finally tested with intact membranes of Paracoccus denitrificans, a bacterium of close evolutionary relationship to mitochondria. The CLs m/z range was enlarged four times in the y-axis in order to emphasize the CL signals pattern.
In the range of PLs, the peak at m/z 699. Table 1 . Table 2 . Tetra-myristoyl-CL (14:0) 4 , peak at m/z 1239.8, was used as internal standard (IS) to quantify the CL content in yeast mitochondria. Table 3 . Table 1 . Assignments of m/z values detected in the negative ion mode MALDI-TOF mass spectra of intact bovine heart mitochondria using 9-AA as matrix. Abbreviations: PA, phosphatidic acid; PE, phosphatidylethanolamine; PI, phosphatidylinositol; PG, phosphatidylglycerol; CL, cardiolipin; MLCL, monolysocardiolipin. *The chain length of the cardiolipin peak at m/z 1448.0 has been assigned by PSD analysis of present study (see spectrum in Fig. 1S of the Supplemental Data). Number of hydroxyl groups in the fatty-acyl moiety as in Guan&Wenk (43): B=0, C=1, D=2. 
